Introduction {#s1}
============

Caveolae are cholesterol and sphingomyelin-rich plasma membrane microdomains presented in most types of mammalian cells and tissues[@pone.0060884-Sowa1]--[@pone.0060884-Yamada1]\_ENREF_13. Caveolae were originally identified as 50--100 nm flask-shaped, non-clathrin-coated invagination of the plasma membrane and found to be involved in endocytosis [@pone.0060884-Schnitzer1] and potocytosis [@pone.0060884-Anderson1]. However, later studies revealed that these microdomains concentrate a variety of signaling molecules which provide a platform for signal transduction[@pone.0060884-Allen1]--[@pone.0060884-Li1]. Thus, changes in the components of caveolae may have a profound effect on cellular functions. Caveolin-1, a 22-kDa protein, is the principal structural component of caveolae and a determinant for caveolae formation [@pone.0060884-Jin1], [@pone.0060884-Rothberg1]. A deficiency of caveolin-1 in mice eliminated caveolae, which subsequently impaired nitric oxide and calcium signaling in the cardiovascular system, causing aberrations in endothelium-dependent relaxation, contractility, and maintenance of myogenic tone [@pone.0060884-Drab1], [@pone.0060884-Razani1].

In addition to cholesterol and sphingomyelin, caveolae also contain a variety of fatty acids. While it is generally believed that covalent attachment of myristic and/or palmitic acid occurs on a wide variety of cellular proteins and the acylation of protein is critical for membrane targeting [@pone.0060884-Resh1], the fatty acid compositions of caveolae, the fatty acids bound to caveolin-1, and the effect of acylation of caveolin-1 on caveolin-1 targeting to caveolae remain poorly understood. In this study, we used gas chromatography/mass spectrometry (GC/MS) to identify and quantify the fatty acid compositions of caveolae and fatty acids covalently bound to caveolin-1 in Chinese hamster ovary (CHO) cells, a cell system with high caveolin-1 expression. Our results revealed that caveolae contain a limited subset of fatty acids, highly enriched with saturated fatty acids, which is quite different from the fatty acid compositions in whole cells. We further demonstrated that the primary fatty acid associated with caveolin-1 is stearic acid, not myristic acid as previous speculated.

Materials and Methods {#s2}
=====================

Materials {#s2a}
---------

Bovine serum albumin (BSA, fatty acid free) and general chemical reagents were obtained from Sigma. BF3 reagent, mixture of standard fatty acids and Omegawax 250 capillary column were from Sigma/Supelco. Ham's F-12 medium and fetal bovine serum (FBS) were from Invitrogen. Opti-Prep was from Life Technologies. The protein A-Sepharose beads were from GE Health. The anti-caveolin-1 IgG was from Transduction Laboratories; non-immune rabbit IgG was from Jackson laboratory.

Preparation of Whole Cell Lysate {#s2b}
--------------------------------

Chinese hamster ovary (CHO) cells were cultured in Ham's F-12 medium containing 5% FBS, 2 mmol/L L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin to 90% confluency in 10 cm culture dish. The cells were washed 5 times with 10 ml of cold PBS and dissolved in 1 ml of MBST/OG (25 mM MES, 150 mM NaCl, 1% Triton-100, 60 mM octyglucopyranoside, pH 6.7) for 30 min on ice.

Preparation of Caveolae {#s2c}
-----------------------

Caveolae, cytosol, plasma membrane, internal membranes and post nuclear supernatant fractions were isolated using a widely used Opti-Prep method as described previously [@pone.0060884-Smart1]\_ENREF_19. This detergent-free method generates a highly purified fraction of caveolae that is enriched in caveolin-1 and free of bulk plasma membrane markers.

Quantification of Fatty Acids Associated with Caveolin-1 {#s2d}
--------------------------------------------------------

The CHO cell lysates were incubated with anti-caveolin-1 IgG for 18 h at 4°C and then protein A beads for an additional 2 h at 4°C. The beads were collected by centrifugation, washed five times in high salt buffer (500 mM NaCl). For quantification of fatty acids, the beads were incubated with 1M NaOH overnight, and then neutralized by 1M HCL, extracted with Folch reagent and analyzed by GC/MS. Non-immune rabbit IgG was used as negative control.

Quantification of Fatty Acids with GC/MS {#s2e}
----------------------------------------

Quantification of fatty acids was conducted as we previously described [@pone.0060884-Liu1]. Briefly, the lipids in samples were extracted with Folch/BHT reagent [@pone.0060884-Folch1] and lower phase of the extract was collected and dried under N~2~. Fifty microlitter of tricosanoic acid (23∶0) (5 mg/ml chloroform) was added to extract as an internal standard. Tissue total lipids were methyl esterified with BF3/Methanol (10%). The fatty acid methyl ester was analyzed using a gas chromatography system, Agilent 6890 GC G2579A system (Agilent Palo Alto, CA) equipped with an Omegawax 250 capillary column. An Agilent 5973 mass selective detector was used to identify target peaks and a flame ionization detector (FID) was used to quantify fatty acids.

Western Blot {#s2f}
------------

Western blot was performed as described previously [@pone.0060884-Li2].

Characterization of Fatty Acid Esterification of Caveolin-1 {#s2g}
-----------------------------------------------------------

CHO cells were cultured in Ham's F-12 medium containing 5% FBS, 2 mmol/L L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin to 80% confluency in 10 cm culture dish. The cells were starved 18 h in Ham's F-12 medium containing 1% BSA and then labeled with 2.5 mCi of ^3^H-palmitic acid or 25 µCi of ^14^C-stearic acid for 3 h at 37°C in the presence/absence of 30 times of non-labeled palmitic acid (16∶0), stearic acid (18∶0) or oleic acid (18∶1). The cells were dissolved in MBST/OG buffer and immunoprecipitated with anti-caveolin-1/protein A. Non-immune rabbit IgG was used as negative control. The immunoprecipitated caveolin-1 was separated by SDS-PAGE and transferred to PVDF membrane. The fatty acid esterification of caveolin-1 was detected by autoradiogram at −80°C for 6 weeks using a Kodak MS film.

Results {#s3}
=======

GC/MS is a powerful tool for qualitative and quantitative analysis of fatty acids. Here, we selected Omegawax 250 capillary column and tested its efficiency in fatty acid separation using a mixture of standard fatty acid methyl esters. As shown in [Figure 1](#pone-0060884-g001){ref-type="fig"}, GC/MS with Omegawax 250 column separated all the fatty acids presented in animal tissue. The measurement of fatty acid methyl esters was of high sensitivity, up to 40 pg of tricosanoic methyl ester, and had a wide linear range, up to 10 ng ([Figure 1](#pone-0060884-g001){ref-type="fig"}, inner figure).

![Separation of fatty acid methyl esters and determination of the sensitivity and linear range of GC/MS method.\
A mixture of standard fatty acid esters was subjected to GC/MS equipped with Omegawax 250 capillary column. Fatty acids were identified by mass spectrometer and quantified by FID. The measurement of fatty acid methyl esters with GC/MS was of high sensitivity, up to 40 pg of tricosanoic methyl ester, and had a wide linear range, up to 10 ng (inner figure, a and b).](pone.0060884.g001){#pone-0060884-g001}

We employed CHO cells to study the fatty acid compositions of caveolae and fatty acids associated with caveolin-1. First, we measured the fatty acids in CHO cells. The CHO cells were cultured in Ham's F-12 medium to 90% confluency. Total fatty acids were extracted and analyzed with GC/MS ([Figure 2C](#pone-0060884-g002){ref-type="fig"}). CHO cells contained a variety of fatty acids, including both saturated and unsaturated fatty acids ([Figure 3C](#pone-0060884-g003){ref-type="fig"}). Of all these fatty acids, oleic acid (C18∶1, 307±18.4 µg/5×10^7^ cells) accounted for the greatest part as high as 59.5%, followed by palmitic acid (C16∶0, 91.8±9.5 µg/5×10^7^ cells; 17.8%), stearic acid (C18∶0, 51.8±10.2 µg/5×10^7^ cells; 10%), gadoleic acid (C20∶1, 22.5±1.4 µg/5×10^7^ cells; 4.4%), palmitoleic acid (C16∶1, 18.7±1.1 µg/5×10^7^ cells; 3.6%), arachidonic acid (C20∶4, 14.8±1.8 µg/5×10^7^ cells; 2.9%) and myristic acid (C14∶0, 9.0±1.4 µg/5×10^7^ cells; 1.7%).

![Quantification of fatty acids bound to caveolin-1, associated with caveolae, and present in CHO cells.\
The CHO cells were cultured in Ham's F-12 medium to 90% confluency. After washed with PBS, they were dissolved in MBST/OG on ice. Post nuclear supernatant (PNS), cytosol (Cyto), internal membranes (IM), plasma membrane (PM), and caveolae (CM) were isolated with Opti-Prep method. Total fatty acids were extracted from each sample with Folch reagent, methyl esterified with BF3, and then subjected to GC/MS equipped with Omegawax 250 capillary column. Fatty acids bound to caveolin-1 (A), associated with caveolae (B), and present in CHO cells (C) were identified by MS. (D) Isolation of caveolae from CHO cells. Subcellular fractions were isolated with Opti-Prep method and subjected to Western blot using antibody against caveolin-1. (E) Immunoprecipitation of caveolin-1. The CHO cell lysates were immunoprecipitated with anti-caveolin-1 IgG/protein A-Sepharose beads and detected by Western blot using antibody against caveolin-1. The experiments were repeated three times with triplicate measurements. Quantitative analysis of the data is shown in [Figure 3](#pone-0060884-g003){ref-type="fig"}.](pone.0060884.g002){#pone-0060884-g002}

![Quantification of fatty acids bound to caveolin-1, associated with caveolae, and present in CHO cells.\
The CHO cells were cultured in Ham's F-12 medium to 90% confluency. Caveolae were isolated with Opti-Prep method and caveolin-1 was purified by immunoprecipitation. Total fatty acids were extracted from each sample with Folch reagent, methyl esterified with BF3, and then subjected to GC/MS equipped with Omegawax 250 capillary column. Fatty acids bound to caveolin-1 (A), associated with caveolae (B), and present in CHO cells (C) were quantified with FID. The experiments were repeated three times with triplicate measurements. Data are presented as Mean ± SD.](pone.0060884.g003){#pone-0060884-g003}

Then we isolated caveolae from CHO cells by using Opti-Prep method [@pone.0060884-Uittenbogaard1]. We isolated post nuclear supernatant (PNS), cytosol (Cyto), internal membrane (IM), plasma membrane (PM) and caveolae (CM) fractions. Western blot analysis of the subcellular fractions showed that caveolin-1 was highly enriched in CM fraction, indicating successful isolation of caveolae ([Figure 2D](#pone-0060884-g002){ref-type="fig"}). Then we extracted fatty acids from caveolae and quantified the fatty acid compositions with GC/MS ([Figures 2B](#pone-0060884-g002){ref-type="fig"} and [3B](#pone-0060884-g003){ref-type="fig"}). We found that caveolae contain a limited subset of total fatty acids in cells, mainly palmitic acid (C16∶0, 0.48±0.06 µg/5×10^7^ cells; 24%), stearic acid (C18∶0, 0.61±0.07 µg/5×10^7^ cells; 30%) and oleic acid (C18∶1, 0.83±0.21 µg/5×10^7^ cells; 40%) ([Figure 3B](#pone-0060884-g003){ref-type="fig"}).

Next, we isolated caveolin-1 by immunoprecipitation and quantified fatty acids bound to caveolin-1. Western blot analysis indicated that caveolin-1 was completely immunoprecipitated by anti-Caveolin-1 IgG ([Figure 2E](#pone-0060884-g002){ref-type="fig"}), but not by non-immune rabbit IgG (data not shown), indicating successful isolation of caveolin-1. It is generally believed that plasma membrane proteins are acylated by myristic acid and/or by palmitic acid [@pone.0060884-Resh1]. Surprisingly, we found that the primary fatty acid associated with caveolin-1 is stearic acid. About 60% of the associated fatty acids is stearic acid (C18∶0, 0.23±0.06 µg/5×10^7^ cells) and 40% of the associated fatty acids is palmitic acid (C16∶0, 0.15±0.01 µg/5×10^7^ cells) ([Figure 3A](#pone-0060884-g003){ref-type="fig"}). No myristic acid was found to be associated with caveolin-1. Of note, oleic acid was found to be the most abundant fatty acid in caveolae but it was not detected in caveolin-1 bound fraction ([Figures 2](#pone-0060884-g002){ref-type="fig"} and [3](#pone-0060884-g003){ref-type="fig"}). MS identified a number of peaks as non-fatty acid contaminant, which were marked as "con" on [Figure 2A](#pone-0060884-g002){ref-type="fig"}.

To further characterize the fatty acids bound to caveolin-1, we utilized radioisotope labeled fatty acids. CHO cells were cultured in Ham's F-12 medium to 80% confluency and starved for 18 h. Then the cells were labeled with 2.5 mCi of ^3^H-palmitic acid or 25 µCi of ^14^C-stearic acid for 3 h at 37°C in the presence/absence of 30 times of non-labeled palmitic acid (C16∶0), stearic acid (C18∶0) or oleic acid (C18∶1). In cells labeled with ^3^H-palmitic acid, we detected ^3^H-palmitic acid bound to caveolin-1, indicating that palmitic acid binds to caveolin-1directly ([Figure 4](#pone-0060884-g004){ref-type="fig"}). In the presence of excessive amount of non-labeled palmitic acid, non-labeled palmitic acid effectively blocked the binding of ^3^H-palmitic acid to caveolin-1. Excessive amount of non-labeled stearic acid also effectively blocked the binding of ^3^H-palmitic acid to caveolin-1. However, excessive amount of non-labeled oleic acid only moderately blocked the binding of ^3^H-palmitic acid to caveolin-1. Likewise, in the cells labeled with ^14^ C-stearic acid, we detected ^14^C-stearic acid bound to caveolin-1, indicating that stearic acid binds to caveolin-1directly. Excessive amount of non-labeled stearic acid could effectively inhibit the binding of ^14^C-stearic acid to caveolin-1. Excessive amount of non-labeled oleic acid or palmitic acid blocked the binding of ^14^C-stearic acid to caveolin-1 but with much less efficiency compared to stearic acid. These data demonstrated that palmitic acid and stearic acid are the main fatty acids binding to caveolin-1.

![Acylation of caveolin-1.\
CHO cells were cultured in Ham's F-12 complete medium to 80% confluency. The cells were starved and then labeled with 2.5 mCi of ^3^H-palmitic acid or 25 µCi of ^14^C-stearic acid for 3 h at 37°C in the presence/absence of 30 times of non-labeled palmitic acid (C16∶0), stearic acid (C18∶0) or oleic acid (C18∶1). The cells were harvested in MBST/OG buffer and immunoprecipitated with anti-acveolin-1 IgG/protein A. The immunoprecipitated caveolin-1 was separated by SDS-PAGE, transferred to a membrane and the fatty acid associated with caveolin-1 was detected with autoradiogram. The experiments were repeated three times, and representative data are shown.](pone.0060884.g004){#pone-0060884-g004}

Acylation of protein has been shown to affect the subcellular targeting of the protein [@pone.0060884-Resh1]. To test whether acylation of caveolin-1 affects caveolin-1subcellular location, we cultured CHO cells in the presence/absence of palmitic acid or stearic acid. As shown in [Figure 5](#pone-0060884-g005){ref-type="fig"}, the targeting of caveolin-1 to caveolae was not affected by the presence of palmitic acid or stearic acid.

![Effect of fatty acids on caveolin-1 subcellular location.\
CHO cells were cultured in Ham's F-12 complete medium to 80% confluency. The cells were culture for 24 h with Ham's F-12 containing 20% FBS, 1% BSA (fatty acid free), 1% BSA plus 200 µg/ml palmitic acid or 1% BSA plus 200 µg/ml stearic acid. The subcellular fractions were isolated with Opti-Prep method and subjected to Western blot using antibody against caveolin-1. The experiments were repeated two times and representative data are shown.](pone.0060884.g005){#pone-0060884-g005}

Discussion {#s4}
==========

GC/MS offers high chromatographic resolution, wide linear range, high sensitivity, and excellent reproducibility [@pone.0060884-Liu1]. In this study, we employed GC/MS with a polar column to quantify fatty acids in caveolae and associated with caveolin-1. We found that caveolae contain a limited subset of the fatty acids in cells, including palmitic acid, stearic acid and oleic acid. Unexpectedly, we found that caveolin-1 is acylated by stearic acid and palmitic acid, not by myristic acid, and the acylation of caveolin-1 does not affect caveolin-1 targeting to caveolae.

Based on the character that caveolae are insoluble in detergent Triton x-100, Gafencu et al. isolated caveolae from aortic endothelial cells and measured the fatty acid compositions of caveolae with gas chromatography [@pone.0060884-Gafencu1]. The authors found that there are significant increases in the ratios of palmitic acid, stearic acid and oleic acid in caveolae. Using MCF7 cells (a breast cancer cell line), Hout et al also observed significant increases in the ratios of palmitic acid, stearic acid and oleic acid in caveolae [@pone.0060884-Huot1]. However both studies did not quantify the absolute amount of fatty acid in caveolae. In this study, we used the Opti-Prep method to isolate caveolae and quantify the amount of fatty acid in caveolae in CHO cells using tricosanoic acid as an internal standard. Opti-Prep is a detergent-free method which can isolate highly purified caveolae [@pone.0060884-Smart1].We found that caveolae indeed contained high levels of palmitic acid, stearic acid and oleic acid. Thus evidence from three different types of cells and two independent approaches pointed out that caveolae are enriched with saturated fatty acids compare to the fatty acid compositions in whole cells and the enrichment of saturated fatty acids in caveolae is likely a character of caveolae, regardless of cell types.

Acylation of protein has been demonstrated to be a principle posttranslational modification of protein, which plays a pivotal role in protein subcellular targeting and cellular function [@pone.0060884-Resh1]. For example, palmitoylation and myristoylation can both influence the localization of eNOS to caveolae [@pone.0060884-Robinson1], [@pone.0060884-Bernatchez1]. To determine the acylation of caveolin-1, we purified caveolin-1 by immunoprecipitation and quantified fatty acid with GC/MS. We unexpectedly found that caveolin-1 is acylated by stearic acid and palmitic acid, not by myristic acid. To the best of our knowledge, this was the first direct characterization and quantification of fatty acid associated with caveolin-1.

To further characterize the acylation of caveolin-1, we utilized ^3^H-palmitic acid and ^14^C-stearic acid combined with competitive inhibition by non-labeled fatty acids. We found that acylation of caveolin-1 by ^3^H-palmitic acid is effectively inhibited by non-labeled palmitic acid or stearic acid. However, acylation of caveolin-1 by ^14^C-stearic acid is only effectively inhibited by non-labeled stearic acid, but not by palmitic acid. These findings indicate that some of the acylation sites on caveolin-1 can only be acylated by stearic acid. Although we did not detect any existing oleic acid binding to caveolin-1 by GC/MS, we found that non-labeled oleic acid moderately inhibits ^14^C-stearic acid and ^3^H-palmitic acid binding to caveolin-1. We speculate that oleic acid may hinder the binding of stearic acid and palmitic acid to caveolin-1.

As acylation of protein has been shown to affect the subcellular targeting of the protein [@pone.0060884-Resh1]. We tested whether acylation of caveolin-1 by stearic acid or palmitic acid affects caveolin-1subcellular location. We did not observe an effect of stearic acid or palmitic acid on the targeting of caveolin-1 to caveolae. This is in agreement with an early report showing that palmitoylation of caveolin-1 is not required for caveolae targeting [@pone.0060884-Dietzen1]. However, available evidence indicates that acylation of caveolin-1 is critical for the function of caveolin-1. Utilizing acylation site mutant caveolin-1 (C133S, C143S, and C156S), Galbiati et al demonstrated that lack of acylation, caveolin-1 was unable to bind with G-protein G~i1α~ in caveolae [@pone.0060884-Galbiati1]; Lee et al showed that palmitoylation of caveolin-1 at a single site (C156) is required for coupling caveolin-1 to the c-Src tyrosine kinase, which is critical for phosphorylation of caveolin-1 [@pone.0060884-Lee1].

In summary, our study demonstrates that caveolae contain a special set of fatty acids, highly enriched with saturated fatty acids, and caveolin-1 is acylated by palmitic acid and stearic acid. The unique fatty acid compositions of caveolae and acylation of caveolin-1 may be important for caveolae formation and for maintaining the function of caveolae.
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